Introduction
Leptospirosis is a disease which is caused by bacteria of the genus Leptospira and is amongst the main zoonotic causes of worldwide morbidity and mortality, however, even with a number of deaths which exceeds other causes of hemorrhagic fever in human beings, continues to be overlooked . This pathology has its incidence influenced mainly by environmental factors (Martins and Lilenbaum, 2014) , but the maintenance of the etiological agent in nature requires the participation of host animals, especially when the environmental conditions are unfavorable (Ellis, 2015) .
Amongst the hosts involved in the epidemiology of leptospirosis, the role of the sheep seems not to have yet been elucidated. Initially this species was considered only as an accidental host (Leon-Vizcaino et al., 1987) . Then, its capability to maintain and transmit some strains of the serogrup Sejroe was acknowledged (Andreani et al., 1983; Farina et al., 1996; Arent et al., 2013) , and currently it is suggested that they may act as preferential hosts for the serogroup Autumnalis (Silva et al., 2007; Alves et al., 2012) . The asymptomatic behavior of sheep facing the strains of the serogroup Pomona (Costa et al., 2018; Hamond et al., 2019) , which had so far been referred to as accidental in the species, raises doubts and imposes challenges regarding the understanding of their role as a host.
The diagnosis of leptospirosis may be carried out by means of the evaluation of the clinical signs and by laboratorial methods, however, due to the asymptomatic characteristic of the disease in sheep, the clinical aspects are limited (Martins and Lilenbaum, 2014) . It is known that the presentation of the acute disease in sheep is influenced by the virulence of the infecting strain and by the age of the affected animals (Ellis, 2015) , however that a difference of susceptibility exists between the breeds (Costa et al., 2018) . These particularities result in the fact that the diagnosis in the species consists mainly in the detection of antibodies, with moderate registers of isolation and direct detection of the agent (Dutra, 2017) . Despite this, some studies report the acute disease, in which the animals presented loss of appetite, irritability, diarrhea, anemia, hemorrhage, miscarriage, reduction in the production of milk, hematuria, jaundice and occasionally death (Ellis et al., 1994; Vermunt et al., 1994) .
Although the microscopic agglutination test (MAT) is recommended by the World Organization for Animal Health as a standard proof for the diagnosis of leptospirosis (OIE, 2014) , it is believed that this technique presents several limitations and requires the association with direct methods for the secure detection of carrier animals (Otaka et al., 2012; Costa et al., 2018) . As it is a disease which may cause several reproductive disorders and, in more serious cases, the death of the animals (Ellis, 2015) , the early diagnosis is crucial to avoid the serious form of the illness. The hematological and biochemical test have been helping in the fast diagnosis and prognosis of leptospirosis in human beings (Silva et al., 2014) , however, there is little information about the reference values and the alterations caused by this disease in sheep. Therefore, the objective of the present study was to evaluate the clinical biochemical and hematological alterations of Santa Inês and crossbred sheep challenged by Leptospira interrogans serogrupo Pomona.
Material and methods

Ethical approval
Before the challenge in the sheep, tests were carried out in hamsters to evaluate the virulence of the strain. The tests in hamsters were approved by the Ethics Committee in Research in Animals of the Fluminense Federal University (protocol number 611/2015), whereas the tests in sheep were carried out after the approval of the Committee on Ethics in Research of the Federal University of Campina Grande-UFCG (Protocol number 020/2016).
Animals and experimental groups
24 sheep were used in this experimental test, being 12 of them of the Santa Inês breed and 12 crossbred sheep. The animals were not vaccinated against leptospirosis and were between 12 and 18 months old, dewormed, seronegative in the MAT (titre <50) and negative in the PCR of urine and vaginal fluid in three previous samplings with intervals of 30 days between the tests. The sheep were healthy and did not present hematological and biochemical alterations. The experiment was conducted at the Research Center for the Development of the Semi-arid Tropic (Nupe arido) of the UFCG, State of Paraíba, Brazil. All the measures were taken in order to avoid the environmental and crossed contamination between the groups. The sheep were installed in covered individual stalls (1.0 Â 1.5m), without contact with other animals, distant from the soil at a height of 1m and with access to water and food ad libitum. The animals were fed concentrate (corn and soybean bran) and bulk (Tifton grass hay) in the ratio of 60:40, going through an adaptation in the installments during 20 days prior to the challenge.
Virulence test and experimental infection
To carry this study, L. interrogans serogroup Pomona sorovar Kennewicki was used, isolated from swine in the United States of America (USA) and originating from the Salsbury Laboratories (Iowa, USA). Before the inoculation, virulence tests were carried out according to the suggested protocols Suepaul et al., 2010) . The 3-Rs policy for experimental science was applied in all the stages (Barbosa et al., 2016) according to the Brazilian Guidelines of the Federal Council on Veterinary Medicine and the Brazilian Guidelines on the Care and Use of Animals for Scientific and Learning Purposes. The strain was submitted to four passages in Golden-Syrian hamsters, according to the described by Silva et al. (2008) and Suepaul et al. (2010) with adaptations (Barbosa et al., 2016) .
The sheep were divided into two groups according to the breed, being 12 animals in group A (crossbred sheep) and 12 animals in group B (Santa Inês sheep). However, within each group (A and B), there was a subdivision related to the inoculation route: subgroups ACR (crossbred/ conjunctival route) and AIPR (crossbred/intraperitoneal route); subgroups BCR (Santa Inês/conjunctival route) and BIPR (Santa Inês/intraperitoneal route). Each subgroup (ACR; AIPR; BCR; BIPR) had a control animal. With relation to the challenged sheep, the crossbred group (A) was individually identified from A1 to A10, being A1, A2, A3, A4, A5 (crossbred/conjunctival route) and A6, A7, A8, A9, A10 (crossbred/ intraperitoneal route). The same way, the Santa Inês sheep (B) were identified from B1 to B10, being B1, B2, B3, B4, B5 (Santa Inês/ conjunctival route) and B6, B7, B8, B9, B10 (Santa Inês/intraperitoneal route). The sheep of the control group were challenged with EMJH sterile medium without bacterial culture, whilst the others were challenged by intraperitoneal or conjunctival route with 1Â10 7 of the bacterial culture. After counting was reached a volume of 2 ml that were inoculated. The inoculation by conjunctival route (CR) was carried out with the aid of a pipette and by intraperitoneal route (IPR) using a needle (0.70 Â 30 mm 22G 1 1/4) and sterile syringe.
Clinical evaluation
The clinical examination was performed by a Veterinary Doctor in all the sheep before the challenge (D0) and on days D1, D2, D3, D4, D5, D6, D7, D8, D15, D30, D45 and D60 post-infection (p.i.). Throughout the tests, the presence of the following clinical signs were assessed: prostration, jaundice, hematuria, dehydration and coloring of the mucous membrane. The analyzed physiological variables were rectal temperature (RT), respiratory rate (RR) and heart frequency (HF). The RT was measured by means of a clinical digital thermometer (Termomed, Inco-term®, Porto Alegre, Brazil), with a variation of temperature between 32 and 42 C and average error of 0.2 C. In order to obtain the RR, a flexible stethoscope was used (Rappaport, Premium®, Rio de Janeiro, Brazil) in the right thoracic region counting the number of movements per minute (mov/min À1 ). The HF was determined with the aid of a stethoscope (Rappaport, Premium®, Rio de Janeiro, Brazil), counting the number of heart beats per minute (bpm).
Hemato-biochemistry and urinalysis
Collections of blood were carried out for the hematological and D.F. da Costa et al.
Heliyon 5 (2019) e02720 biochemical evaluation on day zero (D0) before the challenge, as well as on D4, D8, D15, D30, D45 and D60 post-infection (p.i.), totaling seven collections. The blood was collected by puncture of the jugular vein using disposable needles and vacuum tubes (without anticoagulant) of 9 mL (Vacuum tube, Vacuette®, Porto, Portugal), after the local antisepsis with 2% iodized alcohol solution. A tube (without anticoagulant) was used for the biochemical analysis, whilst another (with EDTA 10% p/v) was used for the hematological evaluation. The hemogram was performed according to the techniques described by Stockham and Scott (2011) . As the Santa Inês and crossbred sheep presented some particularities in the normal hemato-biochemical standards, the reference values were compared to those previously determined (Henriques et al., 2016; Rabassa et al., 2009; Salviano et al., 2013; Lima et al., 2015) . Urea and creatinine concentration; serum activity of the aspartate aminotransferase (AST); gamaglutamiltransferase (GGT); total protein and albumin; total, direct and indirect bilirubin were analyzed spectrophotometrically using commercial kinetic and colorimetric tests available for the automated biochemical analyzer (Labtest, Labtest Diagnostica S.A.®, Minas Gerais, Brazil) in a biochemical analyzer (Cobas c111 Analyzer, Roche Diagnostics®, Risch-Rotkreuz, Switzerland). Prior to the collections of blood, the sheep were submitted to an 8-h fast, being the collections always performed in the early morning.
With the aid of a vaginal speculum, urine samples were collected by means of a sterile urethral probe (Sterile Disposable Urethral Probe number 8, Mark Med®, São Paulo, Brazil), collected using disposable sterile needles and analyzed immediately. Physical and chemical examinations were carried out in the urine samples, being examined as being physical characteristics the color, the odor and the presence of turbidity. The chemical examination of the urine was carried out using reagent strips (UriAction 10, Labtest Diagn ostica S.A.®, Minas Gerais, Brazil) semiquantitative determination of leukocytes, nitrite, urobilinogen, protein, pH, blood, density, ketones, bilirrubin and glucose.
After last collection sheep were submitted to euthanasia with previous sedation with Xylazine Hydrochloride (Bayer, Rompun®, São Paulo, SP, Brazil) at a dose of 0.2 mg/kg by endovenous route, followed by the administration of Sodium Thiopental (Crist alia, Thiopentax®, São Paulo, SP, Brazil) at a dose of 10 mg/kg intravenously and, after the confirmation of unconsciousness, Potassium Chloride was administered (Synth, Potassium Chloride P.A.-A.C.S®, Diadema, SP, Brazil) at a dose of 100 mg/kg intravenously.
Statistical analysis
The dependent variables were crossed with each other, thus, for the comparison of the averages between the breeds, the routes and the time, variance analysis of two factors were carried out (ANOVA-two way). In all the analysis a 5% level of significance of for a type III error (p < 0.05). The results are presented with the values of the averages in illustrations. The statistical treatment of the data was performed using the Statistical Package for the Social Science (SPSS) version 24.0 for IBM®.
Results
Clinical evaluation and hematological variations
None of the sheep presented clinical signs suggestive of infection by Leptospira sp., as well as alterations in the measured physiological parameters. With respect to the hemogram, the sheep of the control group presented results which were normal for the species. Anemia was detected in four of the (A3, A7, A8, A10) crossbred sheep and in only one (B4) sheep of the Santa Inês breed. In the crossbred sheep, the intraperitoneal route (IPR), seemed to be more efficient in causing anemia, as when the inoculation routes were compared, this one caused a significant reduction (p 0.05) in the values of erythrocytes (8-12 Â 10 6 /mm 3 ), hemoglobin (8.5-15 g/dL) and hematocrit, however the hematocrit remained within the normal values (20-38%). There was a striking reduction in these rates in the crossbred sheep, over the time of the experiment (Fig. 1) , especially when the D0 was compared to the D8 (p 0.05) and the D15 (p 0.05) in the erythrocytes, as well as the D0 with the D8 (p 0.05) and the D15 (p 0.05) in the hematocrit.
The rod cells (rare), eosinophils (0-1.000), monocytes (0-750) and basophils (0-400) remained normal during the experiment. From the 20 sheep challenged with the bacterial strain, 12 presented abnormal values in the leukocyte count (4.000-12.000). One crossbred sheep (A6) exhibited leukocytosis with neutrophilia on D8 p.i., while 11 demonstrated atypical leukopenia, being two of them crossbred (A3, A7) and nine Santa Inês (B1, B2, B3, B5, B6, B7, B8, B9, B10). There was a significant difference (p 0.05) in the leukocytes and neutrophils count (700-6.000) between the breeds. However, it is important to highlight that on D0 there was a significant difference (p 0.05) between the breeds in the neutrophils count in the sheep challenged by intraperitoneal route. This greater interference on the levels of white cells seemed to be more present in the sheep on D8 p.i., when a significant difference was detected (p 0.05) regarding the leukocyte and neutrophils count. Regarding the breeds, the inoculum had a greater influence on the leukocyte and neutrophils count from D4, remaining on D30, D45 and D60 p.i. (p 0.05), where the crossbred sheep presented a greater cellular response. Likewise, there was a significant difference between the breeds (p 0.05) on the lymphocyte count (1.000-9000) on D4 and D30 (Fig. 2) .
Urinary and biochemical analysis
The sheep of the control group did not present abnormal alterations in the biochemical and urinary analysis. Among the challenged ones, only one Santa Inês sheep (B4) presented urobilinogen (35 mg/dL) on D4, this animal also indicated a presence of blood in the urine on D4 (200 ery/μL) and on D8 (80 ery/μL). One sheep (A6) presented of blood (80 ery/μL) on D8. With regard to the detection of leukocytes in the urine, on D8 was verified (70 leu/μL) in five crossbred sheep inoculated via intraperitoneal route (A6, A7, A8, A9, A10), as well as a sheep inoculated via In relation to the total protein (6-11 g/dL), the levels decreased in the course of time until D30, including below normal values for the species. Albumin (3-8 g/dL) presented a similar standard of reduction (Fig. 3) . Although a not significant difference occurred in the general comparison between the breeds for total protein and albumins (p > 0.05), on D30 was detected in the animals inoculated by intraperitoneal route (p 0.05) for total protein. In the sheep Santa Inês challenged by conjunctival route, there also was a significant difference between the breeds in the comparison of the level of total protein on D0 with D30, D45 and D60 (p 0.05), as well as on D15 for albumin. In both situations, Santa Inês sheep presented the lowest levels of these in relation to the crossbred sheep.
The level of the enzyme aspartate aminotransferase (AST) remained within the normal variation for the species (50-280 U/L), however there was a significant difference when the inoculation route was compared on D45 and D60 (p 0.05), in which the animals challenged via intraperitoneal route stimulated a greater increase of this enzyme (Fig. 3 ). Furthermore, there was a significant increase of AST among the Santa Inês sheep when comparing D0 with D30 (p 0.05). In relation to the levels of GGT (20-52 U/L), there was an increase of this enzyme during the period of the experiment (Fig. 3) , with significant difference when D0 was compared to D45 and D60 in crossbred sheep (p 0.05), as when D0 was compared to D8 in the Santa Inês animals (p 0.05). The route also had a significant influence in the increase of the GGT (p 0.05), as the sheep challenged by intraperitoneal route stimulated a greater increase. The comparison between the breeds was impaired, as the crossbred sheep had significantly higher GGT values than the Santa Inês ones on D0 (p 0.05), even if within the normality for the species. The levels of total bilirrubin (0.5-1.5 mg/dL) and indirect bilirrubin (0.5-0.8 mg/dL) had a slight increase on D4 in relation to D0, however only the sheep of the crossbred group showed a decrease in the levels of indirect bilirrubin (Fig. 4) . The blood levels of direct bilirrubin (0-0.5 mg/dL) increased during the experiment (Fig. 4) , with significant difference when the D0 was compared to D4 and D45 (p 0.05). The inoculation route and the breed had a direct relation with the increase of direct bilirrubin, as the Santa Inês sheep challenged via intraperitoneal route presented a significant increase of its levels when D0 was compared to D4 (p 0.05).
The levels of urea were elevated during the experiment (Fig. 5) , however within the reference values for the species (17-60 mg/dL). The comparison between the breeds was impaired, as on D0 there was a significant difference (p > 0.05), as the crossbred sheep presented higher values. Both inoculation routes influenced the increase of the levels of urea, in which the crossbred sheep inoculated via intraperitoneal route presented significant difference between the D0 and D60 (p 0.05), while the Santa Inês sheep challenged via conjunctival route between the D0 and D15. Despite the Santa Inês sheep inoculated via intraperitoneal route having had a greater elevation in the levels of urea, there was no significant difference (p > 0.05), possibly because one (B10) exhibited very discrepant numbers. This same sheep presented high levels of urea (>88 mg/dL), followed by subnormal levels of creatinine (<0.4 mg/dL) as from D15 until D60. The levels of creatinine (0.5-1.9 mg/dL) decreased up to D30 (Fig. 5) . 
Discussion
The sheep presented values of rectal temperature (38.5-40 C), Heart rate (50-80 bpm) and respiratory frequency (20-34 mov/min À1 ) within the normal variation for the species (Ribeiro et al., 2008) . Although the RF and HR are not specific parameters in the diagnosis of leptospirosis, they may indicate a possible metabolic stress secondary to an infection. In contrast, fever is an important indication of an infectious process, especially resulting from high leptospiremia (Adler, 2015) . Levels >10 4 leptospires/mL in the blood stream are associated to serious outcomes of the disease (Segura et al., 2005) , despite a study having suggested that the leptospires with a lower virulence are capable of reaching levels in blood >10 4 leptospires/mL without causing serious complications (Agampodi et al., 2012) . In this study, it was not possible to detect the presence and quantify the level of leptospires in the sheep's bloodstream, but as the virulence of the strain was previously attested, it is assumed that the absence of fever may be associated to a lower multiplication of the agent in the blood, especially in the crossbred sheep. As the natural resistance to gastrointestinal nematodes has been reported in crossbred sheep (Amarante et al., 2009) , it is believed that this resistance also happens in leptospirosis. As clinical leptospirosis is poorly reported in Santa Inês and crossbred sheep in Brazil (Martins and Lilenbaum, 2014) , there is a strong possibility that the animals' rusticity influenced the results of the experiment. It is noteworthy that the animals reproduced the infection, but subclinically, confirmed by the serological and molecular evaluation previously published by this research group (Costa et al., 2018) . However, more studies are needed to reach concrete conclusions, such as the identification of genetic markers involved in any resistance.
The sheep do not present signs of hemorrhage, jaundice or dehydration
. It is known that leptospires can cause hemolysis and lesions in the endothelial cell coating of small vessels, resulting in hemorrhages, formation of thrombi and blockage in the blood supply in several organs (Adler, 2015) , however, in sheep, the disease does not usually present itself in an acute form with the development of clinical signs (Martins and Lilenbaum, 2014) . Despite jaundice has been described in lambs of a European breed infected by a strain of the serogroup Pomona (Vermunt et al., 1994) , ruminants do not become icteric with frequency, even when there is a serious hepatocellular impairment (Pugh, 2004) . Even though some sheep presented anemia and possible hepatic impairment, it may not have been sufficient to cause jaundice in these animals, therefore the clinical evaluation seems not to be so reliable to identify Santa Inês and crossbred sheep infected by Leptospira sp.
The infection was capable of causing significant cellular alterations in the sheep infected, especially in the white cell count. Despite humoral immunity being important, the innate immunity is primordial in the natural resistance to diseases in the species, in which the presence of certain pro-inflammatory cytokines may provide a more effective immune response of the host in the beginning of the infection (Xia et al., 2017) . The macrophages are singled out as the main infiltrating cells and the phagocytes anti-Leptospira during the leptospirosis (Chen et al., 2017) , while the neutrophils are involved in the activation, regulations and effecting of the various innate cellular and adaptive functions in the animals (Mantovani et al., 2011) . In this experiment, the fact that the crossbred sheep had a significantly higher amount (p 0.05) of white cells in comparison to the ones of the Santa Inês breed, even before the challenge, called attention. It is possible that this particularity has contributed to tackle the multiplication of the leptospires and determined a lower seroconversion of antibodies in the crossbred animals (Costa et al., 2018) , as the increase of neutrophils is associated to the reduction of precocious loads of leptospires in the blood (Scharrig et al., 2015) . It is unlikely that there is a natural difference in the white cell count between the Santa Ines and crossbred animals, so how crossbred sheep have a more efficient cellular response than the Santa Inês breed, so they are more resistant. However so a molecular study to identify possible differences in the differentiation groupings (cluster of differentiation) and quantification of the pro-inflammatory cytokines is necessary, in order to reach clearer conclusions about this interaction in breeds of sheep.
The infection by pathogenic leptospires is characterized by a leukocytosis with neutrophilia and anemia due to the hemolysis in the animals (Tonin et al., 2012) , however in this experiment the majority of the sheep presented leukopenia, mainly in the Santa Inês sheep. Generally the leukopenia occurs in the initial stage of the disease (Greene et al., 2006) , but in this study the animals had a gradual decrease of the total leukocytes. In a study with rodents, leukopenia was identified and attributed to the decrease of the production, formation of antibodies and complements against hematopoietic precursors, or even peripheric destruction by the increased depuration (Tonin et al., 2012) . Thus, it is possible that such mechanisms also caused similar changes in this experiment.
The decrease of the total protein, as well as the increase of the Gamma-glutamyl transpeptidase (GGT), mainly in the Santa Inês sheep, suggests a possible hepatic damage in the affected sheep (Stockham and Scott, 2011) . Despite having increased, the aspartate aminotransferase, (AST) remained within the normal limits for the species (20-52 U/L), however it is important to highlight that the increase of the transaminases in the majority of cases is discreet in the leptospirosis (Gonçalves et al., 1971) . Even though the sheep in this experiment did not present hepatic lesions in the histopathological evaluation, which carried out at the end of the experiment (Costa et al., 2018) , this absence can be explained as the histological lesions in the liver are generally found in patients with a clinical history of more than 30 days (Gonçalves et al., 1971) . What would be unlikely to happen in the sheep as they are more resistant, especially the crossbred ones. The conjugated fraction of bilirrubin (direct bilirrubin) was significantly (p 0.05) increased in the challenged animals. In the leptospirosis, even without jaundice, it is possible that there may be some difficulty in the excretion of billirubin by the hepatocytes as a consequence of the intrahepatic cholestasis (Tochetto et al., 2012) , for this reason there was predominance of this conjugated metabolite. The intraperitoneal inoculation route seems to have influenced more in the alteration of the parameters than the conjunctival route, even though the later has been more efficient in the reproduction of the infection (Costa et al., 2018) . This difference between the routes may be related to the fact that the intraperitoneal route is not a natural route for infection, thus offering less resistance to the invasion and multiplication of the etiological agent. It is important to note that intraperitoneal inoculation is more invasive than conjunctival inoculation, which may have led to greater cellular and biochemical changes.
The renal impairment in the leptospirosis may be evidenced by the increase of the serum levels of urea and creatinine (Hagiwara et al., 2004) . In this experiment, only one sheep (B10) challenged via intraperitoneal route presented a high level of urea (>88 mg/dL), however the level of creatinine remained low and alteration in the urinalysis was not observed. It is known that the creatinine suffers a lower influence from extra-renal factors (Stockham and Scott, 2011) , therefore it is a reliable indicator of the glomerular filtration rate. Thus, it is not possible to imply that this increase was caused by renal alteration. However, it must be registered that the values of urea and creatinine may be underestimated due to a lower metabolization of proteins (hypoproteinemia), especially the urea values. Only one Santa Inês sheep (B4) presented hemoglobinuria on D4 p.i., as well as the presence of blood in the urine on D4 (200 ery/μL) and on D8 (80 ery/μL), possibly as a result of the hemolytic anemia which it presented. This results class attention, as it was an animal challenged via conjunctival route, responsible for the minor alterations in the animals of this study. It is possible that the differentiated response to infection in this sheep (B4) happened due to an individual vulnerability, as this was the only one to presented titre of 3:200, and also presented leptospiral DNA in the urine and in the kidney (Costa et al., 2018) . The greatest detection of leukocytes in urine in crossbred animals inoculated via intraperitoneal route suggest the presence of the agent in the urinary tract, as well as a more effective cellular response in the crossbred sheep.
Conclusion
The results obtained with the experimental infection indicate that crossbred sheep have a more efficient cellular response than Santa Inês sheep, granting them a greater resistance to infection. The clinical signs are not good parameters to monitor the development of leptospirosis in crossbred and Santa Inês sheep. The hematological and biochemical analysis proved to be useful in the detection of anemia and possible hepatic alterations caused by leptospirosis, however only direct bilirubin appears to be a reliable parameter to diagnose leptospirosis in its early stage in sheep species. The intraperitoneal route was capable of causing more poignant alterations of the analyzed parameters; however it is possible that the alterations caused by the conjunctival route reproduce in a more faithful manner what happens in a natural infection situation.
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